Abstract-This paper reports on all-flexible strain sensors made of graphene, microfluidic liquid metal, and stretchable elastomer. These graphene sensors feature a flexible wiring design, where liquid metal is introduced into microfluidic channels for wiring inside the devices. This design allows enhanced overall structural flexibility and a reduced risk of stress-related mechanical failure of the sensors, at the contact areas between the graphene sensing elements and the metal wires. A unidirectional strain sensor and a multidirectional rosette strain sensor are developed, by encasing patterned graphene and microfluidic liquid metal channels with a stretchable elastomer. We demonstrate the use of the developed unidirectional strain sensor for structural health monitoring of curved concrete structures, and for tracking the angular motion of a human wrist. The multilayer rosette strain sensor is shown to be capable of detecting the amplitude and angle of a primary strain in a multidirectional strain field.
modulus, piezoresistivity, and electron mobility [2] [3] [4] . Significant efforts have been made to develop graphenebased strain and pressure sensors with small footprints, by suspending a graphene membrane over a shallow well on a silicon substrate [5] , transferring a graphene membrane on a micromachined silicon nitride membrane [6] , [7] , or using graphene flakes to cover an array of wells engraved into silicon substrates [8] . Recently, the use of graphene-polymer composite [9] , laser-scribed graphene foam [10] , patterned graphene on elastomer [11] , [12] , or graphene ripples [13] has been proposed for strain and pressure sensors, which have great potential for wearable sensor applications because of their use of flexible substrates and graphene [14] . Existing mechanical sensors using graphene often use conventional metals and/or alloys for interconnection and wiring inside the devices. Because of the relatively high hardness of the metals/alloys, the overall structural flexibility of these sensors is largely reduced. This may increase the risk of mechanical failures associated with stress accumulation at the contact areas between graphene and the metal wiring inside these devices just as it has been the case with the direct formation of stiff thin film devices onto soft substrates [15] . Interestingly, Gallium-Indium eutectic (EGaIn) is an alloy liquid metal at room temperature; when compared with mercury, it exhibits lower toxicity, comparable electrical conductivities, and improved wetting properties [16] . The introduction of EGaIn into a flexible substrate has resulted in a number of tunable and reconfigurable electronic and electromagnetic devices and systems, including electrical probes [17] , microfluidic electrodes [18] [19] [20] , conducting nanowires [21] , antennas [22] , [23] , and metamaterials [24] , [25] . This liquid metal has also recently been introduced into via openings of a silicon interposer to form re-workable 3D electronics [26] and has enabled packaging solid-state integrated circuit chips into microfluidic devices [27] .
In this paper, we explore and demonstrate the possibility of using liquid metal to obtain microfluidic wiring in graphenebased mechanical sensors. All-flexible unidirectional and multidirectional graphene strain sensors are developed by encasing patterned graphene inside an elastomer containing microfluidic channels filled with liquid metal for interconnections and wiring. The fluid nature of EGaIn allows the microfluidic electrical wires to flow and reshape without cracks or fatigue 1558-1748 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. in response to structural sensor deformation during mechanical sensing.
II. DEVICE FABRICATION
The fabrication of these graphene sensors involved three major steps: graphene patterning and transferring, microfluidic channel formation, and liquid metal wire formation (Fig. 1) .
Multilayer graphene (∼300 monolayers; ∼105-nm thickness; grown by chemical vapor deposition method) on a nickel foil (2 inch × 2 inch; 25-μm thickness) was purchased from Graphene Supermarket (Calverton, NY, USA). In order to fabricate the sensors, photoresist was first photo-patterned on the surface of the graphene film [ Fig. 1(d)] . Oxygen plasma was then used to form graphene patterns by etching [ Fig. 1(e) ]. To transfer the patterned graphene onto the surface of an elastomeric substrate, a 1-mm-thick polydimethylsiloxane (PDMS) layer was formed by pouring a PDMS precursor solution (weight ratio of part A:B = 15:1) into a petri dish, and partially curing it at 85°C for 40 min. The PDMS layer was then stamped onto the surface of the patterned graphene [ Fig. 1(f) ] and immersed into a 5 wt % FeCl 3 solution for 24 hours to remove the nickel foil, concluding the transfer process [ Fig. 1(g) ]. Microfluidic channels for liquid metal were then formed in another thin PDMS elastomer, using soft lithography. A master mold with microchannel patterns was created at this step, by patterning 200-μm -thick photoresist on a glass slide. The same PDMS precursor solution was poured over the mold and baked at 70°C for 40 min [ Fig. 1(h) ]. The necessary holes were then manually punched through the PDMS layer, after peeling it from the mold [ Fig. 1(i) ]. Subsequently, this PDMS channel layer and the previously made PDMS layer with graphene patterns were bonded together by oxygen plasma treatment [ Fig. 1(j) ]. After that, EGaIn liquid metal was injected into the channels with a steel needle syringe to reach and cover the contact pads at the ends of the patterned graphene strips. This allowed the electrical connection with the graphene structures [ Fig. 1(k) ]. Finally, thin metal wires were inserted into the channels through the manually punched holes to be used as electrical connections with external circuits. These holes were sealed with drops of the PDMS precursor solution and thermally cured at 90°C for 60 min [ Fig. 1(l) ]. Fully flexible unidirectional graphene strain sensors were thus obtained (0.8-mm wide and 4.5-mm long each).
A multidirectional rosette-type graphene strain sensor was also fabricated, with three unidirectional strain sensing elements (0.8-mm wide and 4.5-mm long each) arranged at 60 degrees to each other and embedded in four PDMS layers [ Fig. 2(a) ]. The formation of the three sensing elements in a single device would allow measuring the principle strain and corresponding direction in a multidirectional strain field using in-plane deformations [11] . Liquid metal channels M1, M2, and M3 were first formed on the backside of the L2, L3, and L4 PDMS layers, respectively, using soft lithography [28] . Three graphene elements S1, S2, and S3 were then transferred onto the top surfaces of L1, L2, and L3, respectively. L4 was laid down on top, without any sensing elements. Each PDMS layer was 1-mm thick, and each liquid metal channel was 250-μm deep [ Fig. 2(b) ]. After forming the filling holes in each PDMS layer, the layers were bonded by oxygen plasma treatment using a FEMTO Plasma Cleaner (pressure: 8 pounds per square inch; power: 100 watts; time: 10 s; Diener Electronic, Ebhausen, Germany. Finally, liquid metal was injected into the channels and the filling holes were sealed using the same process described above [ Fig. 2(c) -(e)]. Fig. 2(f) shows close-up images for the stack of three graphene sensing elements and a graphene-liquid metal contact area in the rosette-type graphene sensor. Fig. 3(a) shows that when the unidirectional fabricated graphene sensor was twisted and bent, the liquid metal wires at the end of the channel maintained good contact with the graphene patterns. The sensor was fixed on a computercontrolled motored linear stage, to test its response to stretching; the stretching was applied along the length of the graphene strip. Fig. 3(b) shows that the sensor resistance varied between 245 and 295 as the applied strain increased to 9 %. Upon relaxation, the sensor regained its initial resistance value, indicating a reversible cycling behavior.
III. RESULTS AND DISCUSSION
To evaluate the influence of the liquid metal wires on the sensor resistance response, two electric wires were led out from the two contacts between the liquid metal and the graphene sensing element, and two others from the opposite ends of the liquid metal wires [see inset of Fig. 4 ]. The strain was again applied along the length of the sensor. This setup allowed the separate measurement of the strain-induced resistance change of the liquid metal wires and that of the graphene sensing element. As shown in Fig. 4 , the resistance of the graphene element changed more significantly than that of the liquid metal. The gauge factor, F G , was used to evaluate the sensitivity to applied strains of the liquid metal and graphene:
L, and ε represent the resistance, resistance variation, length, change in length, and applied strain, respectively. The value of F G for the graphene sensing element itself was 1.51, whereas the liquid metal wire had an F G value close to zero. Therefore, the liquid metal wires inside the device had little contribution to the total sensor response. In addition, the contact resistance between the graphene and the liquid metal was measured to be 0.22 ± 0.04 in the relaxed state, and 0.25 ± 0.03 in the stretched state (9% strain) of the sensor, which contributed little to the total resistance of the sensor.
The unidirectional graphene strain sensor was also used to evaluate the strain characteristics of a concrete cylinder undergoing compression. The sensor was conformably attached onto the curved surface of the concrete cylinder (diameter: 101 mm; height: 203 mm) using liquid super glue, as shown in Fig. 5 (inset) ; this was only possible because of the sensor's high structural flexibility. In addition, a commercial extensometer was mounted on the same cylinder, for calibration. A load was vertically applied to the top surface of the cylinder, and the time-varying resistance values from both the graphene sensor and extensometer were recorded. As the applied load increased to 30 kilopounds (kip), the concrete cylinder was compressed in the longitudinal direction but expanded radially, thus stretching the attached sensor. Fig. 5 shows the responses of our graphene sensor and the commercial extensometer to increased load. With the applied 30-kip load, the concrete was crushed and the sensor resistance returned to its original value. Fig. 6 shows the unidirectional graphene sensor attached to a human wrist backside with a paraffin film, and its response to wrist bends of 15°, 30°, and 45°. As the wrist bent up and down, tension was applied (and removed) to (from) the sensor, thus changing its resistance. Larger bending angles resulted in larger sensor resistance changes. When the wrist stopped at the same angle in different occasions, the sensor exhibited almost the same resistance change. When the wrist was laid back to the rest position, the sensor resistance regained its original value. Furthermore, 200 repeated measurements indicate that the device provided good repeatability with a 2.5% relative standard deviation of resistance change, owing to the structural durability of the sensing element and the flexibility of the liquid metal wires.
The fabricated rosette-type sensor was used to detect strains in a multidirectional strain field. Let the strains developed in the S1, S2, and S3 elements be denoted by ε s1 , ε s2 , and ε s3 , respectively. Fig. 7(a) shows that the three sensing elements exhibited almost the same response to strains applied along their own length directions, indicating a good reproducibility of the fabrication process. When a 2.1 % strain was applied to the sensor along a direction 5°clockwise from S 1 , the resistances of S1, S2, and S3 increased by 2.18 %, 0.77 %, and 0.44 %, respectively, as shown in Fig. 7(b) . In a coordinate system (inset of Fig. 7b) , ε x and ε y represent the strain components along the x-and y-direction. According to the rosette gauge theory, when a primary strain is applied at an angle θ with respect to S 1 , the strains ε s1 , ε s2 , and ε s3 can be obtained from ε x , ε y , and θ as follows [29] :
, and 3.
(1)
Conversely, by measuring the strain values ε s1 , ε s2 , and ε s3, the orientation θ and strains ε x and ε y can be found using (2) and (3), respectively [19] :
where ± indicates the algebraically maximum ε x and minimum ε y strain, respectively. Mapping the resistance change of each sensing element to a strain value, the element strains were found to be ε S1 = 2.475 %, ε S2 = 0.875 %, and ε S3 = 0.5 %; using (2), the angle θ was calculated to be 0.0897 rad (5.14°), which deviates only 2.8% from the real applied strain angle (5°). The strain components ε x and ε y were found to be ε x = 2.078 % and ε y = 0.488 % using (3), which results in a calculated strain magnitude of 2.134 %, only 1.6 % deviated from the true applied strain magnitude. The fabricated rosette graphene sensor could therefore not only detect the strains applied in the directions of the sensing elements, but also provide the magnitude and direction of the primary strain.
IV. CONCLUSION
This paper demonstrated all-flexible strain sensors made of piezoresistive graphene, microfluidic liquid metal, and stretchable elastomer. Both unidirectional and rosette-type multidirectional strain sensors were developed. Liquid metal was introduced into microfluidic channels as interconnect material, to obtain flexible electrical contacts with the graphene sensing elements. Leveraging the enhanced structural flexibility, the sensors demonstrated the capability to monitor strain variations on the curved surface of an axially loaded concrete cylinder, track the angular motions of a human wrist, and detect strains in a multidirectional strain field. The results of this study carry the great promise of opening novel avenues for the development of new wearable mechanical sensor technology, featuring flexible materials in all device components. 
